The nine kinds of the composite pellets of 3.5 to 5.5 mm in diameter composed of the mixtures of wustite, magnetite or hematite and coal char, coke or graphite, in which the mol of the reducible oxygen was made equal to the mol of the fixed carbon, was heated in vacuum. The weight loss during heated at 1 000 to 1 200°C was gravimetrically measured. The influence of the diameter was negligible within 5.0 mm. The temperature dependence of the rate of the direct reactions of all the composite pellets was very strong. At 1 000°C, the rate was such slow that it requires more than 2 ks to reach F t ϭ0.2 and, at 1 200°C, the rate was so fast that it is completed in a few hundreds seconds. The direct reactions of the char or coke bearing composite pellets proceed in two steps; the first step is very fast and temperature-independent, and the second step is the temperature-dependent process. On the contrary, the direct reactions of the graphite bearing composite pellets proceeds in three steps at 1 100 and 1 150°C; the first step is also very fast and temperature independent, and the much slower second step follows until metallic iron is formed. Just after the metallic iron starts to form, the reactions are accelerated as the third step. This third step of the graphite composite pellets is much faster than the second step of the char or coke bearing composite pellets. The maximum pressure inside the pellets simulated by the uniform reaction model indicates the negligible effect of the indirect reactions.
Introduction
It is known [1] [2] [3] [4] that iron ore can directly react with carbon as a solid-solid reaction, but the contribution of the direct reactions in iron ore-carbon mixtures heated at elevated temperatures is thought to be minor compared to the indirect reactions through gas phase, i.e. FeO x ϩCOϭ FeO xϪ1 ϩCO 2 and CϩCO 2 ϭ2CO. In our previous study, 5) the rate of the gasification reaction of coal char and graphite mixed with a large amount of electrolytic iron powder in 20 % coal char or graphite was gravimetrically measured. The rate was first represented by the product of the apparent gasification rate with the fractional remained amount of carbon. To the apparent gasification rate, then, the fundamental theory for the catalyst effectiveness factor was applied. Thus, the intrinsic gasification rate was deduced. And the catalytic effect of a large amount of metallic iron, i.e. 80 % electrolytic iron and 20 % coal char or coke, was estimated to be the factor 2.8 for coal char and the factor 14 for graphite. Although the catalytic effect of a large amount of metallic iron was taken into account, the simulated curves of the fractional weight loss by mathematical equations, which were derived on the basis on the grain model, are much slower than the experimental ones. It was supposed at this point that the direct reactions in iron ore-carbon composite pellets may be significant. For the direct reactions, some experimental runs were conducted in the previous study. 7) In the study, 7) the reactions inside wustite-carbon composite pellets were classified as shown in Fig. 1 . In this study, a high sensitivity apparatus for measuring the weight loss in vacuum was made. Using the apparatus, the direct reactions in the composite pellets of all the combinations of wustite, magnetite or hematite with coal char, graphite or coke were gravimetrically measured.
Experimental Procedures
The hematite iron ore of a Brazilian hematite pellet feed, whose composition is shown in Table 1 , of the size range above 45 mm sieve and under 53 mm sieve was used as hematite particles. At the same time, the green pellets of hematite were balled from the pellet feed of the size under 45 mm sieve by a palletizing machine composed of a rotating tire. The pellets were durated in air for 3.6 ks at 1 373 K. The pellets were reduced in 5%CO-95%CO 2 and 50%CO-50%CO 2 for 21.6 ks at 1 273 K to produce magnetite pellets and wustite pellets, respectively. The pellets were pulverized and sieved to obtain the particles of magnetite and wusite with the size of above 45 mm and under 53 mm. The compositions of the three kinds of carbonaceous materials used in this study, i.e. typical metallurgical coke, coal char produced from lignite and a reagent grade of graphite, were shown in Table 2 .
Nine kinds of the composite pellets in all the combinations by 3 kinds of iron oxides, i.e. wustite, magnetite and hematite, and 3 kinds of carbonaceous materials, i.e. coke, coal char and graphite, were prepared. In each combination, the reducible oxygen in mol in the iron oxides was made equal to the fixed carbon in mol. In addition, bentonite of the one hundredth mass of the mixture mass was mixed. After the mixture of iron oxides, carbon and bentonite was completely mixed in the dried state and in wet state with adequate distilled water, pellets of the mixtures were balled to the pellets of 3.0, 3.5, 4.2, 5.0 and 5.5 mm in diameter by hand-rolling method. These pellets were used after dried more than 36 ks at 378 K in drier.
One pellet was set in the thermobalance with the sensitivity of 1 mg shown in Fig. 2 . The reaction tube was the vertical silica tube closed at the bottom end. The weighing system was evacuated through a horizontal tube of about 8 mm inside diameter adapted to the room accommodating the mechanical system of the balance by a rotary pump of capacity 162 NL/h. The vacuum degree was measured by Pirani gauge and the reached vacuum degree was 0.4 Pa. After the system was evacuated to less than 0.4 Pa, the electric furnace pre-heated to a given temperature at the position by about 10 cm under the bottom end of the reaction tube was lifted just the moment the reaction started. From the moment, the temperature was manually controlled maintaining the electricity of 15 A. The time variation of the temperature measured by a thermocouple located at the position of the sample in the reaction tube evacuated vacuum is shown in Fig. 3 . The temperature reaches the reaction temperatures of 1 000, 1 100 and 1 200°C within 150 s.
The sample after the reaction was analyzed by the combustion method for carbon and sulfur. Combining the initial Table 1 . Composition of the iron ore used (mass%). Table 2 . Composition of the carbonaceous materials used (mass%). Fig. 1 . Classification of the reactions in the wustite-carbon composite pellet heated at high temperatures.
Fig. 2.
Experimental apparatus for measuring the weight loss of iron oxides-carbon composite pellets heated in vacuum at high temperatures. composition of the sample, the weight loss measured by the balance during the reaction, and the amount of carbon after the reaction, the amounts of reacted carbon and reduced oxygen were calculated, from which the reduction degree and the gasification degree were calculated. But the sample weight was too small to obtain reliable data for the separated fractional reduction and gasification. Also, a part of the samples were mounted in resin and cross sections were observed by microscopy. The fractional weight loss, F t , was defined as the fraction of the weight loss relative to the initial total mass of the reducible oxygen plus the fix carbon. The molar ratio of CO and CO 2 , i.e. mol(CO 2 )/mol(CO), as the product gases formed by the direct reactions (1) to (3) is in the range from 0 to the equilibrium ratios for the reactions (1) to (3) . Also, the possible partial pressure ratio, i.e. mol(CO 2 )/mol(CO), in the product gases formed by the indirect reactions (5) to (8) is in the range from the equilibrium ratio for the reaction (8) to the equilibrium ratios for the reactions (5) to (7) . Since the equilibrium ratio of mol(CO 2 )/mol(CO) for a reaction from the reactions (1) to (3) and the reactions (5) to (7) is determined only the equilibrium oxygen partial pressure, the respective ratio for reaction (1) and reaction (5), reaction (2) and reaction (6) , and reaction (3) and reaction (7) is identical, respectively. Therefore, the ratio of mol i (C)/mol i (O) of the gaseous products for reaction (i) is evaluated as (K i ϩ1)/(2K i ϩ1), where K i is the equilibrium constant for the reaction i, iϭ1 for the reaction (1), iϭ2 for the reaction (2) and iϭ3 for the reaction (3).
Experimental Results and Discussions
The corresponding fractional weight loss F t,i by the reaction i is calculable by the equation
, where mol t (O) and mol t (C) are the total reducible oxygen and the total fixed carbon in the starting composite pellet and mol t (O)ϭmol t (C) in this study. In the indirect reactions of the reduction and the gasification, the upper limit of the mol(C)/mol(O) ratio is determined by the equilibrium one for the reaction (8) and is nearly unity at 1 000°C and more. In the direct reactions, the upper limit corresponds to the formation of pure CO and equals unity. As a result, regarding both the direct reactions and the indirect reactions, the total fractional weight loss, F t , is the summation of F t,i from iϭ1 to 2 for the reaction from Fe 2 O 3 to Fe 0.947 O, i.e. F t ϭF t,1 ϩF t,2 , the summation of F t,i from iϭ1 to 3 for the reaction from Fe 2 O 3 to Fe, i.e. F t ϭF t,1 ϩF t,2 ϩF t,3 , the summation of F t,i from iϭ2 to 3 for the reaction from Fe 3 O 4 to Fe, i.e. F t ϭF t,2 ϩF t,3 . The calculated upper limit and lower limit of the fractional weight loss for the above reactions are shown in Fig. 4. 
Influence of the Diameter of Wustite-Carbon
Composite Pellets on the Rate of Direct Reactions The fractional weight loss curves of wustite-coke composite pellets ranged from 3.0 to 5.5 mm in diameter at 1 000, 1 100, 1 150 and 1 200°C are shown in Fig. 5 . The curves of the pellets with the diameters less than 5.5 mm at each temperature coincide with each other within a narrow error range. Increasing the diameter to 5.5 mm seems to start decreasing the reaction rate. Also, the fractional weight loss of wustie-coal char composite pellets with the five diameters at the four temperatures was measured. From these experimental results, it is concluded that the effect of the diameter on the weight loss curves in vacuum is negligible within 5.0 mm. It is suspected that the diameter from 3.0 to 5.0 mm is so small that the inside temperature drop due to the endothermic reactions is negligible and the accumulation of the product gases by the direct reactions inside the pellets is negligible. Hereafter, the experiments were conducted using the composite pellets of 3.5 mm in diameter. temperature is so strong and, at 1 000°C, the direct reactions are so slow that it takes more than 1 ks to reach F t ϭ0.1 while, at 1 200°C, the reactions are so fast that it takes only less than 500 s to reach F t more than 0.9. Observing the curves in more detail, the curves are apparently composed of two parts. The initial part is the period of very fast reaction and the rate is hardly affected by the temperature. But the terminal fractional weight loss in the first part increases with increasing the temperature. The other one is the period of the later slow reactions and the rate clearly increases with increasing temperature. The initial period is almost included within the heating up period and, therefore, the rate is difficult to be analyzed. On the contrary, the curves in the later period seem to be parabolic at each temperature. At 1 200°C, the very fast rates of the direction reactions resulted in that the fractional weight loss curves nearly reach their completion within the initial period without the later period. The fractional weight loss, F t , at 1 200°C once exceeds unity but soon comes down to less than 1. F t is assumed to exceed unity for the reason why the weight loss was too fast to be followed the thermobalance due to the weighing ability limit. After about 300 s, F t shows the correct fractional weight loss. Using the wusitite-coal char composite pellets as sample, also, the influence of temperature on the fractional weigh loss was examined in the same manner as the wustite-coke composite pellets. The fractional weight loss curves shown in Fig. 7 are very close to, but a little above the curves of the wustite-coke composite pellet at each temperature.
Influence of the
On the contrary, the fractional weight loss curves of the wustite-graphite composite pellets at 1 000 to 1 200°C shown in Fig. 8 have a quite different shape. At 1 000 and 1 050°C, the rate is very slow. But, at 1 100°C or more, the direct reactions continue until the reactions are almost completed in spite of the initial slow rate. The curves are composed of three parts. The initial part is very fast, but the value of F t at the end of the period is much lower than the wustite composite pellets mixed with coal char or coke. The second part is almost flat and the rate is very slow. The third part is relatively fast reactions in spite of slower than the first part and continues to the end of the reactions. And the part has a sigmoid shape, indicating that the rate is gradually accelerated to reach the maximum rate and thereafter gradually decreases as the reactions proceed.
Influence of the Oxidation Degree of Iron on the Rate of Direct Reactions in Iron Oxides-Carbon Composite Pellets
The binary composite pellets of wustite, magnetite or hematite with coke were heated at 1 000, 1 100, 1 150 and 1 200°C. The fractional weight loss curves of the three kinds of composite pellets at the four temperatures are shown in Figs. 9(a)-9(d) , respectively. The rate of the initial fast parts of the three curves coincides with each other in spite of their different end fractions. Concerning the second relatively slow part, the curves of hematite-coke composite pellets are in the uppermost position of the three curves for the three kinds of iron oxides in spite of in slightly lower position than magnetite at 1 150°C. At 1 000°C, the second parts of the three curves approach the value of wustite/iron equilibrium composition, which composition is almost Fe 0.95 O, starting from hematite (Fe 2 O 3 ), magnetite (Fe 3 O 4 ) and wustite, which composition is determined by the partial reduction of hematite in 50%CO-50%CO 2 at 1 000°C as Fe 0.921 O. The fractional weight losses by the reactions from hematite and magnetite to the wustite/iron equilibrium composition, which is Fe 0.947 O at any temperature, are in the ranges shown in Fig. 4 . The weight loss from the wustite to the Fe/FeO equilibrium, which is about 0.13 at 4 ks, is much greater.
Using the coal char as carbonaceous material, the influence of the oxidation degree of iron oxides in the composite pellets on the rate of the direct reactions at the four temper- atures was measured. The whole tendency of the variation with temperature is very similar with that of the composite pellets combined with coke. The fractional weight loss of the former is slightly greater than that of the latter. Furthermore, the values of F t for the three iron oxides combined with char is hematiteՆmagnetiteϾwustite. Using the graphite as carbonaceous material, the influence of the iron oxides at 1 000, 1 100 and 1 150°C is shown in Figs. 10(a)-10(c) , respectively. The rate of the direct reactions is very slow at 1 000°C and the values of F t at 1 000°C are less than 0.1 even at 3 ks. At 1 100°C, however, the three iron oxides show highly specific curves to the oxidation degree of the iron oxides. The hematite-graphite composite pellet indicates the three-step reaction pattern; the very fast first step, the very slow second step approaching the range of F t corresponding to wustite/iron equilibrium shown in Fig. 4 and the fast third step initially accelerated and finally approaching the end point of more than 0.9. The magnetite-graphite composite pellet also shows the very similar three step reaction pattern with the second step approaching the range of F t corresponding to the wustite/iron equilibrium shown in Fig. 4 . The cross section of the magnetite-graphite composite pellet heated for 1 500 s at 1 100°C and at the time quenched was shown in Fig. 11 . Only very small number of the nucleus of metallic iron is formed. That is, almost whole the magnetite is reduced to wustite before metallic iron starts to form. The wustite-graphite composite pellet furthermore shows the very similar three step pattern of F t versus t curve. The approaching value of the second step approaches the range of F t shown in Fig. 4 . The reaction times for the third step to start, which time is determined almost only by the length of the second step, are in the order wustiteϾhematiteϾmag-netite. The magnetite requires the longer time than the hematite though the amount of oxygen in magnetite is less than that in hematite. At 1 150°C, also, the three iron oxides-graphite composite pellets show the three step reaction pattern very similar to that observed at 1 100°C though the rate of the reactions is much faster than that at 1 100°C. The fractional weight losses at the end of the first step of the reactions are in the order hematiteϾmagnetiteϾwustite both at 1 150°C and 1 100°C, in spite of the F t for the magnetite is near F t for the hematite. 
Influence of the Kind of Carbonaceous Materials on the Rate of Direct Reaction in Iron OxidesCarbon Composite Pellets
The influence of the kind of the carbonaceous material is shown in Figs. 12(a)-12(d) , by rearranging the above shown curves about the wustite bearing composite pellets. The fractional weight losses at the end of the first step of the reaction curves are in the order coal charϾcokeϾ graphite. After the first steps finished, only the wustitegraphite pellet takes the second and third steps in disagreement with the other carbonaceous materials. Owing to the additional second step, the main reaction step of the graphite pellet, i.e. the third step, starts later than the other carbonaceous materials bearing composite pellets. But the rate of the main reaction step, i.e. the second step with coal char and coke and the third step with graphite, is fastest with graphite and the second step with the other two materials take almost the same slower rate. Therefore, the curve of the graphite bearing pellet crosses with the other two curves except at 1 000°C, where the second step of the graphite bearing pellet is too long to show the third step.
Verification That the Results in This Study
Are the Direct Reactions Carbon monoxide as the gaseous reaction product of the direct reactions can reduce iron oxides. In order to prevent the indirect reactions by carbon monoxide produced by the direct reactions, in this study, not only the diameter of the composite pellets was minimized within the limit to perform the precise gravimetric measurements, but also the atmosphere was evacuated by a rotary pump. The stationary vacuum degree was measured as 0.4 Pa with Pirani gouge.
First of all, the reactions in heating the graphite bearing composite pellets are discussed. Observing the fractional weight loss curves, the very fast first step lasts only to the fractional weight loss less than at most 0.2. Following that, the very slow reactions in the second step and the fast reactions in the third step proceed. On the fractional loss curves, the rates in the second and third steps are much slower than the rate in the initial step. Except the first step, therefore, the highest pressure at the center of the pellets is assumed to be nearly 0.4 Pa with the composite pellets of any iron oxide with graphite, which results in the negligible contribution of the indirect reactions of the iron oxides or carbon with the CO-CO 2 mixtures. The gradual acceleration of the weight loss in vacuum in the third step from the very slow second step strongly supports the occurrence of the direct reactions inside the pellets. The fractional weight loss curves at 1 150°C also indicate the rising up of the curves in vacuum from the very slow rate at the end of the second step, which also supports the occurrence of the direct reactions.
As can be seen in Figs. 10(b) and 10(c), the rate of the reduction from hematite and magnetite to wustite is much slower than that from the wustite to metallic iron. On the contrary, as concerned with the reduction rate of iron oxide with gaseous reductants, the reduction rate from hematite or magnetite to wustite is much faster than the rate of the wustite to metallic iron. This reverse relation of the reduction rates to and from wustite between the indirect and direct reactions evidences that the rates of reactions measured in this study are the direct reactions.
In the later section, the time variation of the pressure at the center of a pellet and the profile of the pressure in a pellet are discussed by simulating them using the mathematical equations based on the grain model.
Formation of Slag Melt Containing Iron Oxide
The graphite bearing composite pellet heated at 1 200°C melted and dropped down from the platinum basket of the thermobalance in about 230 s. So, the fractional weight loss curve terminated at the time as can be seen in Fig. 8 . On the other hand, the composite pellets containing coke or coal char did not melt down. But a small amount of slag melt was formed in the form attached to coalesced reduced-iron particles was observed. In the solidified slag, a dendrite phase was identified to be iron oxide by EPMA analysis. From such results, it was suspected that heating the composite pellets to 1 200°C in a short time resulted in the formation of iron oxide bearing slag melt before the completion of the reduction and that the iron oxide with the activity less than pure iron oxide remained un-reduced which looked like apparently reduction ceased composite pellets. At 1 150°C or less, no slag melt was observed with any kind of the composite pellets. From the above results, it seems that the formation of the slag phase containing iron oxide before the completion of the reduction should be avoided.
Influence of the Gas Diffusion of the Reaction Products in Composite Pellets
The influence of the outward diffusion of the product gas by the direct reactions from inside the pellet was evaluated by the simulation on the basis of the grain model. For the calculation, the following assumptions were made; (a) The product gas of the solid reactions is only carbon monoxide. Corresponding to the experimental fractional weight loss curves at 1 000 to 1 200°C, the time variation of temperature at the center of the pellet, where the pressure of the product gas is the maximum, is shown in Fig. 13 . The maximum pressures at 1 200, 1 150 and 1 100°C are 1.2, 0.5 and 0.1 atm, respectively. Because of the short time of the pressure more than 0.1 atm and the high temperature more than 500°C, the contribution of the indirect reactions is negligible inside the pellet even at 1 200 and 1 150°C. Furthermore, the estimated value of exϭ0.1 is too small. Consequently, the effect of the accumulation of the product gas was assumed to be negligible at the temperature even at 1 200 and 1 150°C. At least, it may be said that the predominant reactions in the composite pellets heated at the high temperatures are the direct reactions.
Reactions' Rate and Their Mechanism before and
after the Formation of Metallic Iron As can be seen with the fractional weight loss curves of the graphite bearing composite pellets at 1 100 and 1 150°C, the rates of the weight loss before and after the formation of metallic iron are so slow and so fast that they are easily distinguishable. Before and after the nucleation of metallic iron, the mode in the formation of the product phase by the direct reactions (1) and (2) before iron formation is thought to be very different from the mode by the direct reaction (3) after iron formation.
The most distinctive difference after and before the iron formation is the difference in the permeability of carbon, i.e. product of the solubility and the diffusivity of carbon, between magnetite and wustite of the reaction products of reactions (1) and (2), and metallic iron of the reaction product of reaction (3). Carbon is insoluble in iron oxides while carbon is well known to be soluble in gamma-iron up to about 2 mass% at the eutectic point. Here it is critically important that carbon dissolves in iron nuclei and diffuses very fast in metallic iron to the iron/wustite interface where the direct reactions easily proceed. Because of such reasons, after the formation of metallic iron, the direct reactions are accelerated to the level of the fast rate which is clearly seen with the fractional weight loss curves at 1 100°C around the times greater than 1 500 s for magnetite and 1 250 s for hematite in Fig. 10 . According to the previous studies, furthermore, magnetite and wustite are of the spinel and rock salt structure, respectively. And the crystals are composed of the sub-lattice of the face-centered closest packing of oxygen and the sub-lattice of iron ions. Since the diffusion coefficient of the oxygen ion is very small, the directional form, e.g. fibrous form, of the product is very difficult to be formed. On the contrary, the metallic iron of the product in the reduction of wustite is composed only of the self lattice structure. Therefore, the phase of metallic iron formed by the reduction of wustite can take various style of iron, e.g. fibrous iron. At the contact point of wustite with carbon, the iron nucleus formed generally apt to grow in the iron activity decreasing direction, i.e. toward the carbon, keeping the contact between metallic iron and carbon.
Conclusions
In vacuum, the weight loss of iron oxides-carbonaceous materials composite pellets of all the combinations between 3 kinds of carbonaceous materials, i.e. coal char, coke and graphite, and 3 kinds of iron oxides, i.e. wustite, magnetite and hematite, which pellets are very small in the range of from 3.5 to 5.5 mm in diameter, heated at 1 000 to 1 200°C was successfully measured by gravimetric method. The following conclusions were obtained.
(1) The rate of the direct reactions in the composite pellets is very fast at 1 150°C or more.
(2) The measured direct reactions take place in disagreement with the gasification rate of the carbonaceous materials, that is, the fastest coal char bearing composite pellet and the slowest coke bearing one display almost the same weight loss curves.
(3) The fractional weight loss curves can be divided into three parts for the graphite bearing composite pellet; the very fast initial step, the very slow second step, and the initially accelerated to the fast rate and then gradually slowing down third step. In the coal char and coke bearing composite pellets, the second step is not so slow that the second step and the third step are united into one step. The second step is the reactions until metallic iron starts to form from hematite, magnetite and wustite. The third step is the reduction forming metallic iron from wustite in equilibrium with iron. The rate of the third step with the graphite bearing composite pellets is much faster than that with the coal char or coke bearing composite pellets.
(4) After the formation of metallic iron starts, the reactions shift to very fast ones via some acceleration process compared to the rate of the reactions before metallic iron forms. This situation of the reaction rates before and after the formation of iron is perfectly reverse to that in the gaseous reductions.
(5) The mathematical simulation by a uniform reaction model suggests that the indirect reactions of iron oxides with carbon monoxide formed by the direct reactions are negligible perfectly with the reactions of the coke and coal char bearing composite pellets at 1 150°C or less.
(6) After the fractional weight loss curves reached the plateau state in more than 2 ks at 1 200°C, some iron oxide precipitated as dendrite in molten slag formed with gangue and ash materials was observed. The graphite bearing pellets heated at 1 200°C melted down in about 230 s after the reduction completed.
